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Thomas C. Seher and Maria Leptin
Background: The final shape and size of an organism is determined by both
morphogenetic processes and cell proliferation and it is essential that these
processes be properly coordinated. In particular, cell division is incompatible
with certain types of morphogenetic cell behaviour, such as migration, adhesion
and changes in cell shape. Mechanisms must therefore exist to ensure that one
does not interfere with the other. 
Results: We address here the coordination of proliferation and morphogenesis
during the development of the mesoderm in Drosophila. We show that it is
essential that mitosis be blocked in the mesoderm during early gastrulation, and
identify the putative serine/threonine kinase Tribbles as controlling this block. In
its absence, the mitotic block is lifted, resulting in severe defects during early
gastrulation. Tribbles, a homologue of a group of vertebrate proteins of unknown
function, acts in concert with another, as yet unidentified, factor to counteract
the activity of the protein phosphatase Cdc25/String. 
Conclusions: In a finely tuned balance with Cdc25/String, Tribbles controls
the timing of mitosis in the prospective mesoderm, allowing cell-shape
changes to be completed. This mechanism for coordinating cell division and
cell-shape changes may have helped Drosophila to evolve its mode of rapid
early development.
Background
In the Drosophila embryo, the final number of cells is
determined by a precisely controlled programme of
mitoses. After the blastoderm stage, defined groups of
cells, referred to as mitotic domains, divide synchronously
in a specific sequence that is highly reproducible [1]. The
mitoses in each domain are preceded by the expression of
the protein phosphatase Cdc25/String [2,3]. Initially, cells
in the blastoderm-stage embryo are arrested in G2, with
the cyclin-dependent kinase Cdk1 in the cyclin–Cdk1
complex in its inactive, phosphorylated form [4]. As soon as
String is expressed in a domain, it removes the inhibitory
phosphates and allows the cells to enter mitosis. The
prospective mesoderm represents an exception, being the
first domain to express String, but the tenth domain to
divide [1,2]. The reason for this delay in cell division is not
known, although the level of String in this domain is ini-
tially low and rises until the point at which mesodermal
cells eventually divide. 
The importance of the precise sequence and timing of cell
division in the Drosophila embryo is not clear for most
domains. There are, however, instances when cell division
would interfere with other developmental processes. One
such case is the mesoderm, which invaginates by a series
of precisely orchestrated cell-shape changes immediately
after the cellular blastoderm has formed [5–7]. During
invagination, the cell sheet representing the mesodermal
primordium retains its epithelial integrity and no cell divi-
sions occur until the mesoderm is fully internalized. Pre-
maturely induced cell division has been suggested to
disrupt mesoderm morphogenesis [8]. 
The results we present here show that even the initially
low level of String present in the early mesoderm is in fact
sufficient to induce mitosis. Mitosis is blocked, however,
by the concerted activity of at least two factors until the
completion of ventral furrow formation. One of these
factors is Tribbles, an atypical member of the protein
kinase superfamily.
Results
In a screen for mutations that disrupt gastrulation we iden-
tified four regions of the genome necessary for proper
invagination of the mesoderm primordium (T.C.S. and
M.L., unpublished observations), two of which will be dis-
cussed here. One (chromosomal region 77B7–77D1) is rep-
resented by the overlap of the deficiencies Df(3L)rdgCco2
and Df(3L)ri79c, the other (region 71C3–71E5) by
Df(3L)BK10. In embryos homozygous for any one of these
deficiencies, or trans-heterozygous for Df(3L)rdgCco2 and
Df(3L)ri79c, the ventral furrow is not formed properly.
Whereas most of the mesoderm has been internalized in a
wild-type embryo by the time germ-band extension begins
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(Figure 1a,c), the entire mesoderm primordium is still on
the surface of the mutant embryos (Figure 1b). The meso-
derm does, however, eventually move into the interior
(Figure 1d) and in many embryos no lasting defects due to
the early failure in morphogenesis are seen. The successful
completion of mesoderm invagination could be due to
redundancy of genes in these two regions of the genome. If
this were the case, simultaneous deletion of both gene
functions should exacerbate the phenotype, perhaps
leading to a complete failure to internalize the mesoderm.
The gastrulation phenotype of double mutants of
Df(3L)BK10 and Df(3L)ri79c is, however, identical to that
of the single mutants. 
A striking aspect of the phenotype of the mutants was
that, while the mesoderm was still on the surface of the
embryo, many mesodermal cells appeared already to have
undergone mitosis. We analysed cell division in mutant
embryos by staining them with an antibody against
tubulin and an antibody specific for the phosphorylated
form of histone 3 (PH3) to visualize mitotic cells
(Figure 1e–h). In wild-type embryos in which mitotic
domains 1–3 are stained, the mesodermal cells mostly
remain in interphase. By contrast, mesodermal cells in the
mutants are undergoing or have completed mitosis, as
judged by mitotic spindles visualized using the anti-
tubulin antibody (data not shown) and condensed chromo-
somes at various stages of mitosis visualized using
anti-PH3 antibodies (Figure 1f,h and inset). Analysis of
younger mutant embryos shows that the mesodermal
domain is in fact the first to begin mitosis. Thus the
mesodermal cells in the mutant embryos show two
defects: they fail to undergo the normal cell-shape
changes associated with ventral furrow formation and
they divide much too early. 
An additional defect in cell-cycle control was observed in
the primordial germ cells (Figure 1i,j). The pole cells
normally divide twice after they have budded from the
early syncytial embryo, and then remain mitotically silent
until larval life. By contrast, we find dividing pole cells in
approximately 75% of mutant embryos between stage 6
(ventral furrow formation) and stage 10 (extended germ
band). We only ever see individual cells in mitosis, never
many or all pole cells simultaneously.
We wished to investigate the causal relationships between
the morphogenetic and the mitotic defects in the meso-
derm. Normally, no cell divisions occur while mesodermal
cells are changing their shapes to create the ventral
furrow. To test whether it was important that mitosis be
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Figure 1
Mutants showing gastrulation defects and premature mitoses in the
mesodermal primordium and primordial germ cells. (a–d) Ventral
furrow formation and mesoderm invagination in (a,c) wild-type and
(b,d) homozygous mutant Df(3L)ri79c embryos stained with
antibodies against the Twist protein. (a) and (b) are whole mounts at
identical stages of development. (c) and (d) show cross-sections of
wild-type and mutant embryos, respectively, matched for
developmental stages during three successive stages of mesoderm
invagination. Although the ventral furrow fails to form in the mutant
embryos, the mesodermal cells nevertheless eventually become
internalized and spread out on the ectoderm. (e–h) Ventral furrow
and mesoderm invagination in (e,g) wild-type and (f,h) homozygous
tribbles (trbl) mutant embryos (P-element insertion EP(3)3519)
stained with antibody specific for phosphohistone 3 (PH3). As
histone 3 is phosphorylated only during mitosis [16] this antibody
stains only mitotic cells. Whereas only a few cells are beginning to
divide in the mesoderm of the wild-type embryos, and the ventral
furrow has invaginated fully, the majority of the prospective
mesodermal cells are in mitosis in the mutants and no furrow has
formed. Wild-type and mutant embryos in each pair were matched
for age, as shown by the extent of germ-band extension and the
staining in the mitotic domains in the head. Embryos in (g) and
(h) are higher magnifications of ventral views; the inset in (h) shows a
blow-up of ventral cells to show the mitotic figures in the dividing
mesodermal cells. (i,j) Higher magnification views of pole cells of
embryos during early germ-band extension in (i) wild-type and
(j) homozygous Df(3L)BK10 embryos. The same phenotype as
shown for Df(3L)BK10 is seen in embryos homozygous for
Df(3L)ri79c, Df(3L)rdgCco2 or the EP insertions.
prevented during ventral furrow formation, we specifically
overexpressed String in the mesoderm primordium
(Figure 2a–f). In these embryos, the first cells to divide are
those of the mesodermal primordium (Figure 2d). The
resulting premature mitoses did indeed disrupt gastrulation
severely, showing that suppression of mitosis is essential to
allow early gastrulation to proceed properly. Conversely,
there is no evidence from embryos that fail to undergo
normal mesodermal cell-shape changes that this failure
causes premature mitoses ([9,10] and T.C.S. and M.L.,
unpublished observations). 
To investigate whether premature mitoses were indeed the
cause of the gastrulation defects that we observed in
embryos homozygous for Df(3L)ri79c, we genetically
blocked mitosis in the mutant embryos by making double
mutants of Df(3L)ri79c and string (Figure 2g–i). In string
mutant embryos, which form a ventral furrow indistinguish-
able from wild-type embryos [5], none of the post-blasto-
derm mitoses occurs [2]. In Df(3L)ri79c string
double-mutant embryos no cell divisions occurred and gas-
trulation was no longer abnormal. Thus the premature divi-
sions were the cause of the morphogenetic defect, showing
that Df(3L)ri79c deletes a gene that is responsible for block-
ing mitosis in the mesoderm until the formation of the
ventral furrow has been completed. The loss of this gene
did not affect mitosis by causing abnormally early or high
levels of String expression in the mesoderm (Figure 3a,b).
Furthermore, there were no obvious effects on the accumu-
lation or stability of String protein, as the level of staining in
the mutant mesoderm primordium seemed no higher than
in the wild type (Figure 3c–f). Thus, this gene must affect
cell division either by affecting regulation of String activity
at the post-translational level or by interfering with a
process downstream of or in parallel to String.
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Figure 2
Overexpression of String in wild-type
embryos and rescue of mesoderm
invagination by suppression of mitosis in
string and Df(3L)ri79c mutant embryos.
(a–f) Overexpression of String in the
mesoderm primordium disrupts gastrulation.
(a,c,e) Wild-type embryos and (b,d,f)
embryos overexpressing string (stg) in the
prospective mesoderm were (a,b) hybridized
with RNA probes specific for the string
transcript, or were stained with antibodies
against (c,d) PH3 or (e,f) the Twist protein to
visualize the mesoderm. The inset in (d) is a
blow-up of part of a ventral view of the
embryo to show premature mitoses
(condensed chromosomes stained with anti-
PH3 antibodies). (g–i) Blocking mitosis in
embryos homozygous for Df(3L)ri79c
suppresses the gastrulation defects. Ventral
views of wild-type and mutant embryos
stained with antibodies against Twist
(brown) and Even-skipped (blue). Because
the deficiency Df(3L)ri79c also uncovers the
gap gene knirps, which affects neither
mitosis nor cell-shape changes in the
mesoderm [7], embryos are identifiable by
their segmentation defects (missing stripes
of Even-skipped staining). At the stage
shown here, the mesoderm of (g) the wild-
type embryo has invaginated, whereas it is
still exposed on the ventral surface of
(h) the embryo homozygous for Df(3L)ri79c
(Df). (i) In embryos mutant for both
Df(3L)ri79c and string, in which cells
cannot divide, the mesoderm is now able to
invaginate properly.
(a) (b) (g)
(c) (d) (h)
(e) (f) (i)
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Figure 3
String expression in wild-type and mutant embryos. (a–f) The level of
(a,b) string RNA and (c–f) String protein expression does not differ
between wild-type and mutant mesoderm. The protein levels in the
mesoderm of the mutant embryo in (d) appear higher than those in the
wild type because of the depth of the whole uninvaginated
mesodermal layer, with all staining through the Z-axis superimposed.
When the same embryos are rotated and photographed in ventral
views, the staining in the thin, uninvaginated mesodermal epithelium of
(f) the mutant is barely visible, whereas the thickness in the Z-axis of
(e) the invaginated mesoderm in the wild type now makes this embryo
appear more strongly stained.
(a) (b)
(c) (d)
(e) (f)
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To identify the gene responsible for the observed pheno-
type we screened mutations mapping to the overlap of
the two deficiencies. Two P-element insertions, EP(3)3519
and EP(3)1119, when homozygous caused the same
phenotype as the deficiencies. Trans-heterozygotes for
the two mutations and each mutation over Df(3L)ri79c
also showed the same phenotype, indicating that they
were alleles of the same gene, which we name tribbles
after the fictional small round organisms that proliferate
uncontrollably when they contact water [11]. By excising
the inserted P element EP(3)3519 we were able to revert
the mutant phenotype. The P elements are inserted
8 bp upstream and 186 bp downstream of the presumed
transcription start site of an expressed sequence tag
(EST) identified by the Drosophila Genome Project
(Figure 4a). The RNA for this gene is initially found
throughout the newly laid egg but fades by the end of
cellularization. Zygotic expression is first seen in the
region of the prospective mesoderm, shortly afterwards in
the ectoderm, and later in a dynamic pattern throughout
embryogenesis (Figure 5a–d). Injection of double-
stranded RNA [12] of this EST phenocopies the defects
seen in the mutants (see Supplementary material).
Together, these findings indicate that the transcript cor-
responds to the tribbles gene.
Sequencing of the cDNA showed that tribbles encodes a
protein with extensive similarity to the SNF1 class of
serine/threonine kinases (Figure 4b). Domains IV to XI
are highly conserved, whereas domains I to III diverge
significantly from the consensus. Four vertebrate pro-
teins (including two human ESTs), which are the closest
known relatives to Tribbles, share these characteristics
(Figure 4b). Perhaps the most significant property shared
by these proteins that distinguishes them from other
members of the protein kinase family is the fact that an
asparagine in domain VIb (N171 of protein kinase A-Cα)
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Figure 4
Genomic organization and sequence comparisons of the Tribbles
gene and protein. (a) Genomic structure of the tribbles gene.
Transcribed regions are shown as boxes and insertion points for
EP(3)3519 and EP(3)1119 as triangles (8 bp upstream and 186 bp
downstream of presumed start of transcription, respectively); the
open reading frame (ORF) is hatched. The ORF begins at nucleotide
333 and the intron lies between nucleotides 1159 and 4109. For
other details see the EMBL database, accession number AF204688.
(b) Alignment of the protein sequences of Tribbles, Drosophila (D.m.)
SNF1 and the two of the four vertebrate proteins that showed the
highest degree of similarity to Tribbles in a BLAST search (accession
numbers D87119 (human EST), X99144 (dog kinase CF5W [17]),
AJ000480 (human CF8W, incomplete [17]), AB020967 (rat NIPK
[18]). The consensus amino acids for the KIN1/SNF1/NIM1 family of
protein kinases are in bold. The Tribbles sequence has been
submitted to the EMBL database (AI531024). The regions
corresponding to the odd-numbered kinase domains of SNF1 are
shaded in grey. Amino acids that are identical between all four
proteins are marked in dark orange (if they also match the SNF1
kinase family consensus this is also marked). Amino acids shared by
D87119, AB020967 and Tribbles, but not SNF1 (in other words,
specific for the Tribbles group), are marked in pale orange except if
they differ from SNF1 only by a conservative substitution. The
invariant (N) and nearly invariant (H) amino acids of the protein kinase
superfamily are marked by asterisks and the amino acids at which
Tribbles and its vertebrate homologues differ from all protein kinases
are shaded blue. (c) Diagrams of the structures of three members of
the protein kinase superfamily. Kinase domains I–XI are shown as
boxes. The three proteins are drawn such that the beginning of
domain IV in all three is aligned. Odd-numbered domains are shown
in grey, matching the boxes shaded grey in (b). Domain V has a long
insertion in Tribbles and thus appears as two grey boxes homologous
to one grey box in the AB020967 and SNF1 sequences. Regions of
similarity between the amino-terminal regions of Tribbles and
AB020967 are shaded.
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AB020967      1 -----------------------------------MRATSLAASADVP
D87119        1 --------------------------------MNIHRSTPITIARYGR
Tribbles      1 MDNSSGQNSRTASSASTSKIVNYSSPVSPGVAAATSSSSSSSSSGMSS
D.m.SNF1      1 ---------------------------------------------MPQ
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                                      *      *
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which occurs in all known protein kinases is replaced by
an arginine (R269 in Tribbles; shaded blue in Figure 4b).
Thus, together these proteins define a new subgroup
within the protein kinase superfamily. Whether they act
as kinases remains to be tested. 
Animals homozygous for tribbles can survive to adult-
hood. Loss of homozygotes does not appear to occur at
any specific stage but throughout all developmental
stages. Homozygous adults appear normal, except that
females are infertile, laying very few eggs; these look
normal but are rarely fertilized. No gross abnormalities
are seen in ovaries and we have not investigated the
cause of infertility further.
The loss of tribbles homozygotes throughout develop-
ment suggests that Tribbles may modulate cell prolifera-
tion at many developmental stages. To test whether it
could affect division in cells outside the mesoderm we
overexpressed tribbles in a wide range of cells and organs
during embryogenesis and larval stages (Figure 5e,f and
Materials and methods). No obvious defects were seen in
any of these situations. For example, as judged by stain-
ing for PH3, no pair-rule segmental aberrations were
seen in the patterns of mitotic domains in embryos in
which tribbles was expressed in the paired domain under
the control of a paired–GAL4 driver line. Defects such as
slowing down of the cell cycle, for example by extension
of the G2 phase, or a change in the number of cells in
mitosis should have been easily detectable as changes in
the regularity of the mitotic domains. Moreover, embryos
overexpressing tribbles in the paired domain were viable
and larvae overexpressing tribbles in the eye discs or wing
discs produced flies with normal eyes and wings. These
results show that Tribbles cannot generally override
normal cell-cycle control mechanisms.
Discussion
We have shown that in at least two situations Tribbles acts
as a mitotic inhibitor. In the primordial germ cells of trib-
bles mutants a low level of mitotic activity is seen that is
not detectable in wild-type germ cells at similar stages. In
contrast to the situation in the mutant mesoderm,
however, only a few of these cells divide. On the one
hand, this shows that germ cells at this stage are able to
divide (as has also been found in nanos mutants [13]) and
must therefore contain all the necessary components to
drive cells through mitosis. On the other hand, not all cells
divide, suggesting that there must either be other
inhibitors apart from Tribbles, or that at least one of the
mitotic activators in primordial germ cells must be present
at threshold concentration.
We have not been able to block mitosis in other cells by
supplying high levels of Tribbles. This might mean that
to block mitosis Tribbles needs a cofactor that is present
in the mesoderm but absent in other tissues, or that is
present in limiting amounts sufficient only to interact
with naturally occurring levels of Tribbles. A potential
candidate for such a partner is the product of the gene in
the second genomic region, uncovered by Df(3L)BK10, as
the gastrulation phenotype of this deficiency resembles
that of tribbles. This gene does not act as a transcriptional
regulator of tribbles, as demonstrated by the finding that
the expression pattern of tribbles was not affected in
Df(3L)BK10 mutant embryos (data not shown). Its
product might instead modify Tribbles post-transcrip-
tionally, form a complex with Tribbles or act in a parallel
pathway that converges with the Tribbles pathway
further downstream to block cell division. Further eluci-
dation of this problem will have to await the molecular
identification of the gene in Df(3L)BK10.
It is possible that Tribbles can only block mitosis driven
by low levels of String, as found in the early mesoderm
primordium. The precise level of String in the mesoderm
should then determine whether Tribbles is able to block
mitosis. This is consistent with our findings that over-
expression of String in the mesoderm of wild-type
embryos overcomes the block Tribbles imposes on
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Figure 5
Expression of Tribbles in wild-type embryos and its ectopic
overexpression. (a–d) Expression pattern of tribbles RNA at four
stages (6, 9, 11 and 14) of embryogenesis. (e,f) Ectopic expression
of tribbles in (e) a pair-rule pattern under the control of a
paired–GAL4 driver (prd–GAL4), and (f) in the mesoderm under
control of a twist–GAL4 driver (twi–GAL4). The staining reaction for
these embryos was stopped sooner than in the wild-type embryo in
(b). The wild-type pattern upon which the ectopic pattern is
superimposed is therefore much weaker than in (b). The ectopically
induced expression of tribbles thus appears to be at least as strong
as the normal expression at the same stage. Other driver lines used
(data not shown) included Krüppel–GAL4 for expression in the
embryo, scalloped–GAL4 and apterous–GAL4 for expression in wing
imaginal discs and sevenless–GAL4, GMR12–GAL4 and
GMR15–GAL4 for expression in the eye disc.
(a) (b)
(c) (d)
(e) (f)
prd–GAL4 twi–GAL4
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mitosis and produces the same phenotype as that seen in
homozygous tribbles mutants. Only transgenes expressing
high levels of String have this effect, however, with others
showing weaker or no mutant phenotypes. This demon-
strates that the ability of Tribbles to block mitosis
depends on the balance between String and Tribbles. 
Our results explain why the very early expression of String
in the mesoderm does not lead to correspondingly early
mitosis [2,8]. Furthermore, they show that even the low
level of String present in the mesoderm is sufficient to
trigger mitosis. A further reduction of String by 50% (in
string heterozygotes) does not compromise its ability to
trigger mitosis in the mesoderm. And in the absence of Trib-
bles, such reduced levels of String still cause premature
mitosis and disruption of the ventral furrow (data not shown). 
Conclusions
A large number of Drosophila and Caenorhabditis elegans
genes identified by sequencing are not essential under
laboratory conditions and may not have easily detectable
mutant phenotypes even though they may have highly
conserved homologues in other species. tribbles is an
example of such a gene. While not essential, it is required
for the fine tuning and optimization of developmental
processes, especially during gastrulation. In this context, it
is interesting to note that the appearance of the process of
mesoderm invagination in tribbles mutants resembles that
in the beetle Tribolium. Tribolium is a short-germ insect
whose development proceeds much more slowly than that
of the long-germ Drosophila embryo, and in which the
mesoderm, as in tribbles mutants, invaginates slowly as a
cell mass rather than rapidly as an epithelial tube (S. Roth,
personal communication). The speed and regularity with
which the mesoderm invaginates in Drosophila is not
essential, but may have helped Drosophila to evolve its
mode of rapid early development.
Materials and methods
Stocks
All Drosophila stocks are described in FlyBase (http://flybase.bio.indiana
edu/) and were obtained from the Bloomington, Umea and Szeged stock
centres, from P. Rørth, EMBL, Heidelberg, and the Tübingen stock col-
lection. string alleles were stg7M53 and stg7B69.
DNA, RNA and antibodies
Standard methods were used for in situ hybridization with digoxi-
genin-labelled RNA probes and antibody staining. The antibody
against PH3 was from Upstate Biotechnology. cDNA clones
SD04278 and LP01915 (tribbles ESTs) were obtained from
Research Genetics. Embryos mounted in Araldite were examined
under Zeiss microscopes with differential interference contrast or flu-
orescence optics. Pictures were taken using digital cameras (Kontron
ProgRes 3008, Photometrics Quantix) and processed with IPLab
Spectrum and Adobe Photoshop.
Overexpression of Tribbles
Tribbles was overexpressed using the system described by P. Rørth [14].
Briefly, flies carrying various ‘driver’ transgenes were crossed to flies
carrying the P-element insertion EP(3)3519. This P element is
inserted upstream of the tribbles transcription unit in such a way that
GAL4 binding leads to transcription of tribbles (Figure 5). The
progeny were analyzed for tribbles expression by in situ hybridization
and for defects in the cell cycle by staining with anti-PH3 antibodies.
In addition, embryos were analyzed for morphogenetic defects and
adults for patterning defects.
Overexpression of String in the mesoderm
To express high levels of String in the mesoderm we used an artificial
enhancer, 2xPEe, made from the twist promoter [15]. The transgene for
overexpression was made by cloning a HincII–XbaI fragment from a
string cDNA in Bluescript into the 2xPEe-lacZ vector [15] from which
the lacZ gene had been excised with BamHI and XbaI and the BamHI
site had been made blunt-ended. Transgenic flies and RNA probes
were made according to standard procedures. 
Supplementary material
Supplementary material including RNA interference studies is available
at http://current-biology.com/supmat/supmatin.htm.
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